E mbolization of intracranial arteriovenous malformations (AVMs) was first introduced by Luessenhop and Spence in 1960. 32 Over the next few decades, advances in embolization materials and techniques, including the introduction of transfemoral embolization, detachable or calibrated-leak balloons, particle or liquid embolization, and superselective angiography, made embolization a valuable tool for the management of intracranial AVM. Several reports demonstrated 0%-94% cure rate, 5%-35% morbidity rate, and 0%-5% mortality rate. 1, 8, 18, 23, 29, 34, 37, 44, 52 Following the introduction of radiosurgical technique in the early 1960s, Steiner et al. successfully treated a brain AVM with stereotactic radiosurgery (SRS) in 1970.
alone treatment for intracranial AVMs. However, they are increasingly being used in combination, especially for larger and complicated AVMs (e.g., AVMs with perinidal aneurysms or high-flow fistular components). In theory, embolization may reduce the size of the AVM nidus to less than 3 cm in diameter, which would facilitate delivery of a greater effective dose to the residual nidus of a large AVM. A study by Kano et al. 27 demonstrated significantly improved results when prior embolization decreased nidus volume to less than 8 cm
3
. Nevertheless, the literature regarding benefits of preradiosurgical embolization consists of conflicting reports. Several recent series have shown that preradiosurgical embolization may be disadvantageous in AVM patients treated with particle embolization. 5, 27, 55 The lower radiosurgical obliteration rate in patients with prior embolization has been attributed to several potential factors, including recanalization of the embolized AVM, 30, 36 increased difficulty in AVM delineation and radiosurgical planning, 27, 30, 36, 38 and a shielding effect caused by embolization materials with high atomic mass. 5 In the era of liquid embolization with materials such as Onyx, several studies have shown that these agents causes less recanalization than previous particle embolic agents did. 41, 43, 45 Additionally, the effects of radiation delivered to the center of AVM models with Onyx were not reduced. 9, 35 The possible dosage attenuation caused by previous embolic materials can be averted with Onyx embolization. 58 The present study aims to evaluate the outcome of SRS treatment of AVMs after Onyx embolization. These cases were matched to a cohort of patients who underwent SRS as an upfront treatment. The rates and timing of obliteration, hemorrhage, and complications were evaluated. To the best of our knowledge, this study is the first report to focus on radiosurgical outcome after Onyx embolization.
methods patient characteristics
A consecutive series of 199 patients with AVMs underwent Gamma Knife surgery (GKS) between January 2007 and December 2012. From this group of patients, we identified 25 (12.6%) who had prior Onyx embolization before GKS. All of them had at least 1 post-GKS MRI or cerebral angiography follow-up study at the University of Virginia available for analysis. The patients' clinical data, including demographic characteristics, pre-GKS imaging findings, radiosurgery parameters, and follow-up images, were retrieved from a prospectively collected, institutional review board-approved Gamma Knife database and retrospectively reviewed.
All patients underwent a comprehensive neurological examination and a cerebral imaging evaluation prior to radiosurgery. Bleeding history, the patient's age, existing comorbidities, location of the nidus, Spetzler-Martin AVM grading, prior treatment history, and clinical symptomatology were reviewed. Stereotactic imaging, including T1-weighted contrast-enhanced 3D volumetric and wholehead T2-weighted fast spin echo imaging sequences and biplane digital subtraction angiography (DSA), was performed for radiosurgical planning.
In addition to the Spetzler-Martin grading system, 60 the radiosurgery-based AVM system (RBAS) score, 46 ,47 and the Virginia Radiosurgery AVM Scale score 61 were used for the classification of intracranial AVMs in this study. The RBAS was calculated as follows:
The overall scores were then compared with scores of previously treated patients with known outcomes to predict individual outcome. 46, 47 The Virginia Radiosurgery AVM Scale is based on AVM volume, nidus location, and history of hemorrhage. 61 Patients were assigned 0 points if they had an AVM volume of less than 2 cm 3 , AVM in a noneloquent location, and no history of hemorrhage. Patients were assigned 1 point for each of the following: AVM volume of 2-4 cm 3 , AVM in an eloquent location, or a history of hemorrhage. They were assigned 2 points if they had an AVM volume greater than 4 cm 3 .
prior embolization
All 25 patients underwent at least 1 embolization using Onyx at the University of Virginia. Five patients with multiple embolizations underwent prior treatments at other institutions. The median interval between the last embolization and SRS was 3 months (range 0-30 months). For embolizations performed at our institution, Onyx 18 (6% EVOH) and Onyx 34 (8% EVOH) were used. The higher concentration of EVOH in Onyx 34 makes the agent more viscous and therefore preferable for forming an Onyx plug at the onset of an embolization. In 1 case, the patient had an intraoperative hemorrhage and postprocedural hemiparesis; in all other cases, the embolization procedure was uneventful. The current report excluded patients who underwent embolization with other embolic materials, such as detachable microcoils, polyvinyl alcohol (PVA), n-butyl-2-cyanacrylate (nBCA), or isobytul 2-cyanoacrylate.
gamma Knife radiosurgery
The procedure for Gamma Knife surgery has been previously described. 24, 25, 56, 57 In brief, all patients underwent stereotactic frame placement in the operating room with intravenous monitored anesthesia, and then had stereotactic planning neuroimaging (MRI and DSA). Radiosurgery was performed using the Leksell Gamma Unit Model 4C until 2007 and the Perfexion model (Elekta, AB) thereafter. The AVM nidus was delineated using both stereotactic MRI and cerebral angiography. A dose plan was rendered in a multidisciplinary fashion by a neurosurgeon in conjunction with a radiation oncologist and a medical physicist.
Treatment parameters and dose planning varied according to the patient's clinical presentation, neurological and ophthalmological examination findings, and AVM nidus location. The dose to the surrounding brain is a critical predictor of adverse radiation effects. Therefore, maximizing conformality to reduce radiation to the eloquent brain tissue is crucial. In this series, the patients who underwent repeated or staged SRS were excluded.
imaging evaluations
After SRS, all patients underwent clinical evaluation and MRI/MRA (MR angiography) studies at 6-month intervals. Once the nidus was believed to be obliterated on MRI/MRA, a cerebral angiogram was recommended. Total obliteration of the AVM was defined as complete absence of filling of the nidus on angiogram. If the patient refused an angiogram, the AVM was deemed obliterated if there was no flow void on MRI or vascular filling on MRA. Adverse radiation effects (AREs) were defined as newly developed areas of increased T2 signal surrounding the treated AVM nidi following SRS. The grading system described by Yen et al. was used. 69 Mild imaging changes with an area of increased T2 signal measuring less than 10 mm in thickness surrounding the treated nidi and imposing no mass effect were considered to represent Grade I AREs. Moderate imaging changes with increased T2 signal in areas of 10 mm thickness or greater, with some mass effect causing effacement of the sulci or compression of the adjacent ventricles, constituted Grade II; and severe imaging changes that caused midline shift of the brain, Grade III.
Statistical analysis
The 174 patients who had radiosurgical treatment of an AVM during the study period without prior Onyx embolization were eligible to serve as potential case-control matches. We used propensity-score matching between the AVM patients who had Onyx embolization (embolization cohort) and the AVM patients who had no prior embolization (no-embolization cohort). The propensity score was calculated in a logistic regression model with 7 parameters: age, sex, AVM nidus volume (prior to SRS), margin dose, Spetzler-Martin grade, Virginia Radiosurgery AVM Scale score, and duration of follow-up. According to propensity score, a closest-neighbor 1:2 matching algorithm was used. A caliper width of 0.4 times the sample standard deviation of the propensity score was chosen.
The Pearson chi-square test, Fisher exact test, and Mann-Whitney U-test were used for examining the differences between the embolization and no-embolization cohorts. AVM patients who did not undergo prior embolization (no-embolization cohort) were matched to AVM patients who underwent prior Onyx embolization (embolization cohort) by similar age (p = 0.97), sex (p = 1.00), nidus volume before SRS (p = 0.65), margin dose (p = 0.99), Spetzler-Martin grade (p = 0.77), Virginia Radiosurgery AVM Scale score (p = 0.74), and duration of follow-up (p = 0.99).
The demographic data for both the embolization and no-embolization groups are listed in Tables 1 and 2 . Descriptive statistics are presented as the median and range for continuous variables and as frequency and percentage for categorical variables.
The rates of obliteration, hemorrhage, AREs, and mortality after SRS were assessed in both patient groups. Kaplan-Meier plots were used to compare the effects of Onyx embolization on SRS efficacy. Statistical significance was indicated by a p value less than 0.05. All analyses were completed using commercial statistical software (version 20.0, IBM SPSS).
results patient demographic and aVm characteristics
The embolization group consisted of 15 females and 10 males, with a median age of 42 years (range 8-67 years). In 19 patients (76%), the AVM nidi were located in cerebral hemispheres. Five patients (20%) had AVMs with intranidal aneurysms. The median number of draining veins was 3 (range 1-6). Prior hemorrhage occurred in 9 patients (36%). Two patients underwent resection before SRS, and all 25 patients underwent Onyx embolization at least once (Tables 1 and 2 Fifty AVM patients with no prior embolization were matched as a control group according to the method described above. The no-embolization group consisted of 30 females and 20 males with a median age of 40 years (range 10-84 years). In 38 patients (76%) the AVM nidi were located in cerebral hemispheres. Eleven patients (22%) had AVMs with intranidal aneurysms. The median number of draining veins was 3 (range 1-7). Prior hemorrhage had occurred in 21 patients (42%). Three patients underwent resection before SRS, 7 patients underwent conventional radiotherapy before SRS, and 40 patients underwent SRS as an upfront treatment; none of the 50 patients in this group underwent any embolization procedure. The median AVM nidus volume before SRS was 3.0 cm 3 (range 0.1-31.8 cm 3 ) (Tables 1 and 2) . Because of matching, the distribution of AVM features was similar between the embolization and the no-embolization groups. In the no-embolization group, 31 nidi were less than 3 cm in maximum diameter, 17 nidi were between 3 and 6 cm, and 2 nidus was larger than 6 cm. Thirty-five nidi were located in noneloquent areas, and 15 nidi were located in eloquent areas. Twenty-one nidi had superficial venous drainage only, and other 29 nidi had one or more deep draining veins. The median RBAS score was 1.7 (range 0-4.3), and the median Virginia Radiosurgery AVM Scale score was 2 (range 0-4). (Table 2) radiosurgical prescription Table 2 presents the radiosurgical parameters in detail. For the embolization group, the median margin dose was 22 Gy (range 13-25 Gy), the median maximum dose was 44 Gy (range 26-50 Gy), the isodose levels were 50% (no variation), and the median number of shots was 8 (range 1-21). For the no-embolization group, the median margin dose was 20 Gy (range 14-25 Gy), the median maximum dose was 40 Gy (range 28-50 Gy), the median isodose level was 50% (range 50%-65%), and the median number of shots was 8 (range 1-24).
imaging Outcome
The median duration of follow-up in the embolization cohort was 24.1 months (range 6-61 months), and the median angiography (DSA) follow-up was 29.8 months (range 6-67 months). Table 3 shows the results of radiological interpretations of MRI/MRA and DSA. In the embolization cohort, MRI/MRA or angiographic obliteration was achieved in 6 patients (24%) at a median of 27.5 months (range 18-61 months) after SRS. Seventeen AVMs (68%) showed partial obliteration, and 2 patients' AVMs remain widely patent. In the no-embolization group, MRI/MRA or angiographic obliteration was achieved in 20 patients (40%) at a median of 22.4 months. Similarly, there were 28 AVMs that showed partial obliteration and 2 with no appreciable response.
The difference did not achieve statistical significance in either logistic or Cox regression models (p = 0.170 and p = 0.285, respectively) The Kaplan-Meier curve for obliteration is shown in Fig. 1 . For the embolization cohort, the obliteration rates were 17.7% and 34.1% at the 2nd and 4th year after SRS, respectively. For the no-embolization cohort, the obliteration rates were 27.0% and 55.9% at the 2nd and 4th year after SRS, respectively. Figure 2 demonstrates a favorable outcome in a patient who underwent successful treatment combining Onyx embolization and SRS. Preradiosurgical Onyx embolization decreased the size of the AVM, and 22 months after SRS the AVM nidus was totally obliterated.
complications Table 4 displays the complications in both embolization and no-embolization groups. The post-SRS compli- cations included AREs, hemorrhage, continued seizures, and mortality. In the embolization group, AREs were seen in 11 patients (44%) at a median time of 6 months following SRS (range 2-19 months). One patient had Grade II radiation-induced imaging changes on T2-weighted images; imaging changes in the other 10 patients with AREs were classified as Grade I. One hemorrhage episode was noted at 20 months after SRS, and 1 patient had worsening of seizures. No mortality was noted in this cohort.
In the no-embolization cohort, AREs were seen in 25 AVM patients (50%) at a median time of 8 months following SRS (range 2-30 months). They were classified as Grade II in 3 patients and Grade I in 22. There were 3 patients with intracranial hemorrhage and 5 patients with worsening of seizures; 2 patients died due to AVM rupture. The no-embolization group seemed to have a higher rate of AREs, hemorrhage, continued seizure, and mortality, but no statistically significant difference was detected between the two cohorts with respect to these complications (p = 0.624, p = 0.855, p = 0.652, and p = 0.064, respectively).
discussion
Intracranial AVMs vary widely based upon differences in their angioarchitecture: diameter, size, compactness, number of feeding arteries, patterns of venous drainage, and development of perinidal aneurysms. These low-resistance shunting and high-flow vessels within the brain parenchyma are the key features of AVMs that lead to various clinical symptoms because of impaired cerebral perfusion or episodes of hemorrhage. Treatments for previously ruptured AVMs or ones exhibiting threatening features (e.g., perinidal aneurysm) are usually recommended by neurosurgeons.
For larger intracranial AVMs with complicated angioarchitecture, endovascular embolization prior to radiosurgery has some benefits. 7, 11, 28 Embolization decreases the volume of the AVM nidus, permitting a higher radiosurgical dose to be delivered to the smaller nidus. This approach is believed to lead to less morbidity 31, 59, 69 and a higher obliteration rate following SRS. 27 In addition, embolization can reduce the risk of AVM rupture by eliminating intranidal aneurysms and reduce the flow in shunting vessels by blocking the high-flow fistulas. 20, 33 Moreover, embolization may reduce venous hypertension, which plays a major role in the development of radiationinduced vasogenic brain edema after SRS. 12, 13, 16 However, several authors reported that embolization prior to radiosurgery may reduce the final obliteration rate (Table 5) . 5, 6, 38, 48, 53 Andrade-Souza et al. 5 reported on 61 AVM patients who underwent embolization before SRS and observed that the AVM obliteration rate following embolization and radiosurgery was lower than after upfront SRS. Schlienger et al. 53 reported an AVM obliteration rate of 54% for 65 patients with prior embolization compared with 71% for 104 patients with no prior embolization (p = 0.03). The association between lower obliteration rates and previous embolization was statistically significant in multivariate analysis. Miyawaki et al. 38 reported similar results in 43 patients who had previous embolization; the obliteration rates were 26% and 76% for patients with and without previous embolization, respectively. A recent study comprising a large case-matched cohort by Kano et al. 27 also demonstrated that prior embolization reduced the rate of total obliteration after SRS. However, the risk of hemorrhage during the latency period was not affected by prior embolization. Of these articles focusing on the issue of prior embolization and consequent SRS for AVMs, most showed a lower rate of obliteration when comparable AVMs were treated with SRS. Nevertheless, these studies largely involved cases from the pre-Onyx era of embolization.
Several potential mechanisms have been proposed for the diminished rate of SRS-induced obliteration with prior embolization. Recanalization related to the use of PVA, as well as nBCA, has been noted in AVMs treated with embolization prior to radiosurgery. 15, 17, 50, 51 Second, embolization may obscure the targeting of the nidus thereby leading to suboptimal dose planning for radiosurgery; 50 the AVM nidus may be broken apart, and and opaque embolic materials may obscure imaging of the lesion. Third, embolization may induce hypoxia, which makes the tissue less radiosensitive and increases the angiogenic activity of the AVM, 3, 63 rendering it an active instead of a static lesion. Another possible cause for diminished obliteration in previously embolized AVMs may be the shield effect caused by high atomic number elements in the embolic material and their attenuation of the dose of radiation delivered during radiosurgery. 54 The shield effect is the subject of controversy, but several reports suggest that embolic material partially decreases the delivered dose. 4, 12, 42, 66 With the introduction of Onyx (ev3), clinicians believed that these disadvantages of prior embolic materials would be significantly reduced. First of all, it is well known that embolization with a liquid embolic agent such as Onyx has a lower recanalization rate than embolization with particles. 41, 43, 45 In the current study, all patients in the embolization group were treated with Onyx, which probably reduces or eliminates recanalization in the treated component of the nidus. 5 In addition, the liquid embolic agent is designed to solidify once in the AVM and therefore can be delivered through much smaller microcatheters. The "lava-like flow pattern" within blood vessels of a soft and nonadherent mass does not fragment during the injection. When the Onyx comes into contact with aqueous solutions, the mixer begins to precipitate on the surface while the core remains liquid. Its nonadhesive nature enables longer, slower, and more controlled injection, which allows for the embolization of a larger percentage of the AVM and decreases the probability of breaking a compact AVM apart into noncontiguous residual components of nidus. The difficulties of target delineation appear to be reduced when the residual nidus is compact instead of broken apart. The nonadhesive nature also enables cerebral angiography between injections to monitor the progress of embolization, 26, 40, 64, 65 which represents a significant advantage over nBCA and other particle embolic materials. Furthermore, this cohesive solution mixed with micron- After partial embolization, the risk of hemorrhage from ized tantalum for radiopacity does not appear to reduce the radiation dose in preclinical study of Onyx and radiosurgery. 9 Shtraus et al. found that the measured attenuation of Onyx placed in a bottle was around 3% higher than the attenuation of water. 58 The biomaterial properties of Onyx appear to be reflected in the current clinical study. The difference in obliteration rate was not statistically significant between patients who did not undergo prior embolization and those that did, when they had comparable AVM volume, grading, and radiation dose. The post-SRS complications, including AREs, hemorrhage episodes, seizure episodes, and deaths, were also not significantly higher than the patients who did not undergo prior embolization.
Study limitation
This is a case-control study with several limitations. The relatively small number of patients and intermediate length of follow-up preclude appreciable subgroup analyses. In particular, differences in complications or delayed complications related to use of Onyx-treated AVMs may become apparent with longer follow-up. Over the time period of the study, more sophisticated MRI sequences (e.g., dynamic studies) and higher field strength magnets have improved the accuracy of treatment planning for an intracranial AVM, which may represent an uncontrolled source of bias. Similarly, embolization techniques, including improvements in catheter delivery technologies, have allowed for more sophisticated delivery of Onyx over time.
conclusions
The current case-control study demonstrated similar results in patients who underwent SRS with and without prior Onyx-based embolization. The post-SRS complication rates, including AREs, intracranial hemorrhage, seizure control, and mortality, were not appreciably different in the Onyx-treated group. Although we did not find that the differences in obliteration rate or post-SRS complications were statistically significant, larger studies with longer follow-up of patients undergoing Onyx-based embolization prior to AVM SRS must be performed to validate these findings. Onyx-based embolization may prove less detrimental to radiosurgical outcomes in comparison with earlier-era embolic materials.
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